ABSTRACT
dye is now shown to produce similar effects upon a modified form of aspartate transcarbamylase produced by Escherichia coli grown in a culture medium supplemented with thiouracil. Significantly, the ATP-induced activation is reduced in the modified form (1, 2) . Feedback inhibition of the enzyme by CTP (3), the end product of the pathway, coupled with activation by ATP, the product of the parallel purine biosynthesis pathway (4) , makes aspartate transcarbamylase a locus of control for the bacterial nucleotide biosynthesis. The nucleoside triphosphate effectors bind to "regulatory" sites on the enzyme molecule remote from the catalytic sites. Each aspartate transcarbamylase molecule contains six such regulatory sites and six catalytic sites. The physical characteristics and chemical properties of the enzyme have been extensively discussed (5, 6) .
We have previously investigated the interaction of the dye 2',4',5',7'-tetraiodofluorescein with aspartate transcarbamylase (7, 8) . These studies have indicated that in addition to competing with the substrates at the active site, the dye binds to the regulatory site of the enzyme to cause activation, just as does the physiological activator ATP. In contrast to ATP, however, a single tetraiodofluorescein molecule binding to one of the enzyme's six regulatory sites activates all six of the catalytic sites (8) .
Since the molecular details of tetraiodofluorescein's activating effect promise to be a key to the understanding of the allosteric mechanism of aspartate transcarbamylase, we have extended our study to an altered form of aspartate transcarbamylase which has recently been produced by allowing biosynthesis of the enzyme to take place in a medium containing thiouracil in place of uracil (9) . This "thiouracil-modified aspartate transcarbamylase" does not exhibit the positive homotropic interactions among active sites which, in the normal enzyme, facilitate the binding of additional substrate molecules, once the first one is bound to the hexameric enzyme molecule. The modified enzyme is affected in the normal way by its activator ATP (10) .
Aspartate Transcarbamylase and Thiouracil-Modified Enzyme. Aspartate transcarbamylase and the thiouracilmodified enzyme were isolated from large quantities of E. coli which were grown at the New England Enzyme Center from an overproducing mutant strain kindly provided by J. C. Gerhart. Aspartate transcarbamylase was purified by the procedure of Gerhart and Holoubek (11) , while the thiouracil-modified enzyme was purified by modifications to this procedure suggested by Kerbiriou and Herve (9) . The medium used for the growth of the thiouracil-modified enzyme was supplemented with 500 gg/ml of thiouracil. To prevent contamination by aspartate transcarbamylase produced by derepression in the inoculum, we also supplemented the medium used for the inoculum with 500,ug/ml of thiouracil.
After purification, the enzyme was stored under sterile conditions in 0.04 M phosphate buffer at pH 7.0, 2 mM 2-mercaptoethanol, and 0.2 mM EDTA in sealed vials under nitrogen at 5°. The enzyme was exhaustively dialyzed against 0.1 M Tris-acetate buffer at pH 8.3 before use.
Enzyme concentrations were determined by absorbance measurements at 280 nm (by assuming an extinction coefficient of 0.59 cm2/mg for the native and modified enzyme), or by the method of Lowry et al. (12) .
Enzyme Activity. 
RESULTS

Loss of homotropic properties in the thiouracilmodified enzyme
In the absence of ligands, the native enzyme exhibits a sigmoidal aspartate saturation curve (Fig. IA) as a result of the homotropic interactions among the enzyme's active sites. Under the same conditions, the thiouracil-modified enzyme produces the hyperbolic saturation curve predicted by Michaelis-Menten kinetics for an enzyme molecule without such interactions among its active sites (Fig. 1B) .
To show that the thiouracil-modified enzyme has lost all cooperative interactions, we employed the transition state analog N-(phosphonacetyl)-L-aspartate. At very low concentrations of aspartate (1.0 mM), coupled with a saturating level of carbamyl phosphate, low concentrations of N-(phosphonacetyl)-L-aspartate cause a dramatic increase of enzyme activity with the native enzyme ( Fig. 2) (15) . Under these conditions, each N-(phosphonacetyl)-L-aspartate molecule which binds to a catalytic site enhances the reactivity of the enzyme's other active sites. As the N-(phosphonacetyl)-L-aspartate concentration is increased, however, the additional N-(phosphonacetyl)-L-aspartate molecules become numerous enough to compete effectively with the substrate molecules for the available catalytic sites. This competition leads to a decrease of enzyme activity, ultimately completely inhibiting the enzyme at a sufficiently high concentration of N-(phosphonacetyl)-L-aspartate.
In contrast to the activation of native enzyme, the thioura- 
Activation of thiouracil-modified enzyme by ATP and tetraiodofluorescein
As seen in Fig. 1 , ATP and low concentrations of tetraiodofluorescein exert similar effects upon the aspartate saturation curve of both native and thiouracil-modified enzyme, notwithstanding the lower specific activity of the thiouracil-modified enzyme. Both ATP and tetraiodofluorescein shift the Km to lower aspartate concentrations.
Although low concentrations of tetraiodofluorescein activate the native enzyme, inhibition occurs as the concentration of the dye is increased (Fig. 3) . The effect of tetraiodofluorescein on the thiouracil-modified enzyme is quite similar, although the extent of activation is not as great. The maximum activation of the native enzyme is about 1.2 times the maximum activation of the modified enzyme.
As opposed to tetraiodofluorescein, which activates both enzyme forms only at low concentrations, ATP activates both forms even at high concentrations (Fig. 4) . The maximum extent to which ATP activates the native enzyme, at saturating ATP, is 80%, compared to 57% for the thiouracil-modified enzyme.
DISCUSSION
We have postulated that the effect of tetraiodofluorescein on the native enzyme is the result of two opposing effects (8) . First, the binding of a single tetraiodofluorescein molecule to one of the six regulatory sites activates all six of the catalytic sites. Second, one dye molecule binding to any one of the catalytic sites inactivates only that one catalytic site. This same scheme can be used to explain the effect of tetraiodofluorescein on thiouracil-modified aspartate transcarbamylase. A mathematical formulation of the model gives rise to three adjustable parameters, which, when fitted to the data, report on internal aspects of the model. An activation constant corresponds to the fractional extent to which activated enzyme is more active than enzyme without effector; an inactivating constant corresponds to the fractional extent to which a tetraiodofluorescein molecule inactivates a catalytic site; and a dissociation constant specifies (0) (1.14 ,g/ml) had an initial activity of 8.8 mmol/hr per mg. Thiouracil-modified aspartate transcarbamylase (0) (10.5 gg/ml) had an initial activity of 1.5 mmol/hr per mg.
the affinity of the dye molecules for the enzyme. (All of the binding sites for tetraiodofluorescein were experimentally shown to have the same intrinsic site dissociation constant. The proper statistical factor must be applied to this average value to ascertain the stoichiometric equilibrium constant for the binding of any particular tetraiodofluorescein molecule to the enzyme.) When the data representing the effect of tetraiodofluorescein on native aspartate transcarbamylase were analyzed in terms of the mathematical model, the dissociation constant was satisfyingly close to the experimentally-determined value and the deactivating constant converged to unity, as would be expected for the normalized kinetic data. Thus, those parameters on which independent checks could be made had taken on reasonable values. The activating constant was 1.48, indicating that tetraiodofluorescein could increase the activity of each active site by 148%. With the inactivation component removed by setting the deactivating constant to zero, the model could be used to represent the activation of aspartate transcarbamylase by the nucleoside triphosphate effector ATP. However, since the heterogeneity of ATP binding (16) had not been taken into account, the binding and activation parameters were average ones, not strictly comparable with experiment. Under these conditions the model indicated that ATP can activate each aspartate transcarbamylase catalytic site by 80%. Analogous analysis in terms of the mathematical model has now been performed for the thiouracil-modified enzyme acted upon by tetraiodofluorescein and by ATP. The resulting activating constants are given in Table 1 . The ratio of the tetraiodofluorescein-induced activation constants between native and thiouracil-modified aspartate transcarbamylase is equal, within experimental error, to the ratio of ATP-induced activation constants for the two enzyme forms. This result can be restated in another way to make its implications more clear: the ATP-induced activation is reduced in the thiouracil-modified form of aspartate transcarbamylase to the same extent as the tetraiodofluorescein-induced activation. That tetraiodofluorescein exerted its activating effect on aspartate transcarbamylase by acting as an analog of ATP was suggested by our direct chemical studies (8) . That conclusion is now substantiated and extended by this new observation of the thiouracil-modified aspartate transcarbamylase. In addition to our earlier proof that tetraiodofluorescein activates the enzyme by binding at the same site as ATP, we have now shown the effects of the two ligands to be reduced to the same extent by the same enzyme modification. Thus, the two ligands not only act at the same external "trigger site" on the surface, but cause their effect by the same internal mechanism, at least at that part of the allosteric mechanism which is disrupted by the thiouracil modification.
